Trehalase, which specifically hydrolyses trehalose into glucose, plays an important role in the metabolism of trehalose. Large amounts of trehalose are stored in the diapause encysted embryos (cysts) of Artemia, which are not only vital to their extraordinary stress resistance, but also provide a source of energy for development after diapause is terminated. In the present study, a mechanism for the transcriptional regulation of trehalase was described in Artemia parthenogenetica. A trehalase-associated protein (ArTAP) was identified in Artemia-producing diapause cysts. ArTAP was found to be expressed only in diapausedestined embryos. Further analyses revealed that ArTAP can bind to a specific intronic segment of a trehalase gene. Knockdown of ArTAP by RNAi resulted in the release of cysts with coarse shells in which two chitin-binding proteins were missing. Western blotting showed that the level of trehalase was increased and apoptosis was induced in these ArTAP-knockdown cysts compared with controls. Taken together, these results show that ArTAP is a key regulator of trehalase expression which, in turn, plays an important role in trehalose metabolism during the formation of diapause cysts.
INTRODUCTION
Trehalose, a non-reducing disaccharide of glucose, has been found in many eukaryotic and prokaryotic organisms [1] . Although it was first thought to function solely as a reserve carbohydrate to provide energy for metabolic pathways, trehalose is now known to be an important anti-stress molecule that protects a variety of organisms against adverse conditions, such as temperature extremes and particularly severe desiccation [2] [3] [4] .
The catabolism of trehalose is regulated by two enzymes: trehalase, which hydrolyses trehalose into two glucose molecules, and trehalose phosphorylase, which produces one glucose and one glucose 1-phosphate from each trehalose. Trehalase, which is reported to play the major role in trehalose hydrolysis, was first observed in the fungus Aspergillus niger, but was subsequently found in many other organisms, including plants and animals [5] [6] [7] . Trehalose hydrolysis by trehalase has been shown to be important in such things as fungal spore germination, insect flight and the resumption of growth in resting cells [5, 8] . Additional regulatory roles for trehalase have been described in pathogen defence, control of sucrose levels, chitin synthesis, cellular differentiation and stress tolerance [9] [10] [11] . Despite the diversity of its reported functions, little is known about the regulation of trehalase expression. In silkworms, the diapause hormone increases trehalase activity on the oolemma, resulting in an increased concentration of glycogen in oocytes [12] .
No detailed mechanism underlying the regulation of trehalase expression has thus far been reported.
To cope with harsh environments, the brine shrimp Artemia releases encysted embryos (or cysts) instead of nauplius larvae that are produced under more favourable conditions. These encysted embryos consist of approximately 4000 cells and are in a state of developmental arrest called diapause; they are among the most resistant of all multicellular eukaryotes to environmental insults, surviving continuous anoxia for years, temperature and pressure extremes, severe desiccation and various forms of radiation [13, 14] . Trehalose is the main carbohydrate in diapause cysts, representing up to 15 % of their dry weight or close to 80 % of the total alcohol-soluble carbohydrate [15, 16] . Trehalose not only enables these diapause cysts to survive dangerous conditions, it also serves as a major substrate for energy metabolism and biosynthesis for development when diapause is terminated and the embryos resume development under suitable environmental conditions [15] . In other words, during the formation of diapause cysts, trehalose is synthesized and stored, and when diapause is terminated, trehalose must be hydrolysed to glucose. Thus regulation of trehalase activity must obviously play an important role in diapause cysts.
In our previous study a cDNA library containing differential expression of genes between oocytes from diapause and nondiapause Artemia was constructed by subtractive hybridization [17] . In the present study we identified a DNA-binding protein named ArTAP (Artemia trehalase-associated protein) from this cDNA library and found that it could bind to an intronic segment of a trehalase (tre) gene in Artemia. This ArTAP gene was only detected in the embryos of Artemia producing diapause cysts. We found that depletion of ArTAP resulted in the production of abnormal cysts in which levels of trehalase and apoptosis were significantly increased. The present study is the first report on the regulation of trehalase at the transcriptional level and, we believe, provides new insight into the mechanism of trehalase regulation.
MATERIALS AND METHODS

Animals
Artemia parthenogenetica from Gahai Lake, China, were cultured at room temperature (25 • C) in 8 % artificial seawater under a photoperiod of 5 h light and 19 h dark. Animals were fed once every 2 days with Chlorella powder. Under these circumstances, Artemia produce mainly encysted embryos. Developmental stages of Artemia were classified as described by Yang et al. [18] and modified slightly. Briefly, stage one is the early vitellogenic stage, when oocytes reside in ovaries; stage two is the late vitellogenic stage, during which the oocytes enter the oviducts; stages three to six are the embryo developmental stages after the oocytes enter the ovisac: stage three is after 1 day, stage four is after 2 days, stage five is after 3 days and stage six is after 4 days, at which point cysts are released from the female.
Nucleic acid, protein and antibody preparation
Adult Artemia carrying the above developmental stages were snap-frozen in liquid nitrogen and homogenized in TRIzol ® reagent (Invitrogen). Total RNA and proteins were prepared according to the manufacturer's instructions.
The ORF of the ArTAP gene was amplified by PCR using the primers PETF and PETR ( 
In situ hybridization
Digoxigenin-labelled sense and antisense RNA probes corresponding to nucleotides 64-716 of the ArTAP sequence cloned in plasmid vector pSPT19 (with two gene-specific primers T7F and SP6R, Table 1 ), were transcribed in vitro using a DIG (digoxigen) RNA Labelling kit SP6/T7 (Roche).
Artemia at stage four (2 days after embryos entered the ovisac) were anaesthetized on ice, snap-frozen in liquid nitrogen and embedded in Tissue Tek TM (Sakura). The embedded samples were cut into 8-μm-thick frozen sections using a low-temperature ultramicrotome. Dry sections were fixed in paraformaldehyde, digested with Proteinase K, and hybridized with the RNA probe mentioned above at 42
• C overnight. These slices were washed at 52
• C and blocked with blocking solution (Roche). After blocking, the samples were treated with AP (alkaline phosphatase)-conjugated anti-DIG antibody (Roche) and visualized with NBT/BCIP (Nitro Blue Tetrazolium/5-bromo-4-chloroindol-3-yl phosphate, Promega), according to the manufacturer's instructions. Photographs were taken on an inverted microscope (Nikon).
DNA-binding assay
A whole-genome PCR method was used to identify the sequence bound with ArTAP according to Kinzler and Vogelsten [19] with minor modifications. Genomic DNA was isolated from Artemia using the standard phenol/chloroform method and then was sheared by sonication on ice. After blunting by the Klenow fragment (TaKaRa), the DNA was ligated to two 'catch linkers', phosphorylated catch A oligomer (5 -GAGTAGAATTCTAATATCTC-3 ) and phosphorylated catch B oligomer (5 -GAGATATTAGAATTCTACTC-3 ). Recombinant His 6 -ArTAP was produced and purified as described above. DNA binding was performed in a DNA-binding buffer (50 mM Hepes, pH 7.5, 50 mM KCl, 5 mM MgCl 2 , 10 μM ZnSO 4 , 1 mM dithiothreitol and 20 % glycerol) with the recombinant ArTAP protein and 'catch-linked' sonicated DNA with poly(dI-dC) as competitor. After a 30-min incubation, anti-ArTAP antibody and Protein A-Sepharose (Promega) were added and incubation was carried out for 1 h at room temperature. Then DNA was freed from the bound complexes by incubating at 50
• C for 50 min in a dissociation buffer (500 mM Tris/HCl, pH 9.0, 20 mM EDTA, 10 mM NaCl and 0.2 % SDS). Recovered DNA was amplified by PCR using the catch A and B mentioned above as primers. The DNA recovered from the reaction was then used as target DNA for another round of selection. After the second round selection, amplified DNA was divided into two groups. One group was labelled with a DIG High Prime Labeling Kit (Roche). The other group was used to construct a small plasmid library. Colonies were lifted on to nylon membranes (Millipore), followed by prehybridization at 42
• C for 1 h, and hybridization at 55
• C overnight with the DIG-labelled DNA fragments mentioned above. After hybridization, the membrane was washed twice in 2× SSC (1× SSC is 0.15 M NaCl/0.015 M sodium citrate) and 0.1 % SDS at room temperature for 5 min and twice in 0.5× SSC and 0.1 % SDS at 65
• C for 15 min. Hybridized probes were visualized with an AP-conjugated anti-DIG antibody (Roche) and the CDPStar chemiluminescent detection system (Roche). The hybridized membrane was exposed to Kodak X-ray film (30 min to 4 h).
EMSAs
To confirm the binding between ArTAP and DNA fragments obtained from the DNA-binding assay, EMSAs were performed according to Carthew et al. [20] . Recombinant His 6 -ArTAP was produced and purified as described above. DNA fragments obtained from the DNA-binding assay were amplified and divided into two groups: one unlabelled and the other labelled using a DIG High Prime Labeling Kit. Increasing amounts of recombinant ArTAP (0, 2, 4, 6, 8 and 10 μg) were incubated with 1 μg of poly(dI-dC) as a competitor for 10 min at room temperature. Then 0.4 μg of unlabelled DNA fragments were added and incubated for another 30 min at room temperature. The mixtures were then separated on to an 8 % polyacrylamide gel at 4
• C and transferred on to a nylon membrane, followed by pre-hybridization at 42
• C overnight with the DIGlabelled DNA fragments described above. After hybridization, the membranes were washed twice in 2× SSC and 0.1 % SDS at room temperature for 5 min and twice in 0.5× SSC and 0.1 % SDS at 65
• C for 15 min. Hybridized probes were visualized with an AP-conjugated anti-DIG antibody and the CDP-Star chemiluminescence detection system.
Molecular cloning of trehalase in A. parthenogenetica
For the characterization of trehalase, an Artemia cDNA library constructed previously [17] was screened. Two primers, TreSF and TreSR (Table 1) , were designed according to a trehalase cDNA sequence of Artemia fransciscana (GenBank ® accession number AB059268.1). A 488 bp DNA fragment was amplified and labelled with the DIG High Prime Starter Kit according to the manufacturer's instructions. The screen was performed as described previously [17] . Briefly, blots were prehybridized in DIG Easy Hyb (Roche) at 42
• C for 1 h, and then incubated with the probe at 42
• C overnight. After washing, membranes were incubated for 1 h in blocking buffer (Roche) and for 1.5 h with AP-conjugated anti-DIG antibody on a shaker. Blots were then washed twice in 1× maleic acid (with 0.1 % Tween 20) for 15 min at room temperature. Then the membranes were buffered in detection buffer (0.1 M Tris/HCl and 0.5 mM NaCl, pH 9.5) for 3 min. A CDP-Star Chemiluminescent Detection System was used for signal detection. After three rounds of screening, one clone was selected and sequenced (Sangon).
Real-time reverse transcription PCR
First-strand cDNA was synthesized from 2 μg of total RNA using oligo(dT) and MMLV (Moloney murine leukaemia virus) Reverse Transcriptase (Promega) in a 20 μl reaction volume. For each sample, an aliquot of 0.5 μl of first-strand cDNA was used as a template for the real-time PCR. Amplifications were performed on the Bio-Rad Laboratories MiniOpticon TM Real Time PCR System using SYBR ® Premix EX Taq TM with two pairs of primers (TAPF and TAPR, TreF and TreR, Table 1 ). Cycling parameters were 40 cycles of 10 s at 95
• C (30 s only for the first cycle), 10 s at 56
• C and 10 s at 72
• C (5 min only for the last cycle). Dissociation curves were analysed at the end of each run to determine the purity of the product and the specificity of amplification. Relative transcript levels are presented as fold-changes calculated using the comparative C T method as described by Livak and Schmittgen [21, 22] using 18S cDNA (GeneBank TM accession number DQ201283, amplified by the primers 18SF/18SR in Table 1 ) as the internal reference. All data are given as means + − S.D. of independent experiments from three separate RNA pools. All statistical analyses were performed using one-way ANOVA, and differences were considered significant at P < 0.01.
Immunoblotting
Proteins were prepared as mentioned above and the concentrations were determined in a spectrophotometer (Eppendorf). Approximately 50 μg of proteins from each sample were electrophoresed in SDS/PAGE (10 % gels) and transferred on to PVDF membranes (Bio-Rad Laboratories). The membranes were incubated with anti-ArTAP, anti-trehalase (Abcam), anti-tubulin (Sigma), antiArCBP-A (Artemia chitin-binding protein A), anti-ArCBP-B and anti-ArCBP-C antibodies at 4
• C overnight. Detection was performed using BM Chemiluminescence Western blotting kits (Roche) using the manufacturer's instructions.
RNAi
For RNAi, a dsRNA fragment targeting ArTAP was generated using the primers RiF and RiR (Table 1) . A 653-bp cDNA was amplified and then subcloned into pET-T7 digested with XbaI and EcoRI. As a negative control, a 359 bp cDNA fragment of the GFP gene was amplified using the primers GFPF and GFPR ( Table 1 ). The GFP fragment was then subcloned into pET-T7 in a similar manner as ArTAP. Recombinant plasmids were transformed into E. coli HT115 cells and dsRNAs were purified as described by Yodmuang et al. [23] .
Using an UltraMicroPump II equipped with the Micro4 TM MicroSyringe Pump Controller (WPI), 100 ng of control GFP dsRNA and 100 ng ArTAP dsRNA were injected into the body cavity of Artemia at stage one (oocytes in ovaries) for 100 individuals respectively. After injection, Artemia were cultured in 8 % artificial sea water under the conditions of L5:D19 (5 h light/19 h dark). Artemia at stage four (2 days after oocytes entered the ovisac) of the two groups were collected, from which RNAs and proteins were extracted. Cysts produced by the RNAi-treated and control animals were collected and observed under light microscopy. For SEM (scanning electron microscope) analysis, cysts from the test and control groups were fixed as described by Dai et al. [24] and observed under a SEM (Hitachi). The start and stop codons are in bold and underlined. A predicted nuclear localization signal sequence at the N-terminus is shaded. Amino acid residues 140-180 which are predicted to be the DNA-binding site are underlined. The putative polyadenylation signal (AATAAA) is in bold.
TUNEL assay
Adult Artemia with stage four embryos were fixed in 4 % paraformaldehyde and paraffin-embedded. Samples were cut into 6 μm-thick sections with a Leica RM2235 rotary microtome (Leica). The nuclei were counterstained with DAPI (5 μg/ml) (Beyotime). A TUNEL (terminal deoxynucleotidyltransferasemediated dUTP nick-end labelling) assay was performed using the DeadEnd Colorimetric TUNEL System (Promega) according to the manufacturer's instructions. Slides were examined with a Nikon ECLIPSE TE2000-S microscope (Nikon).
Glucose concentration assay
After RNAi, adult Artemia with stage four embryos were collected. Cysts were removed from the ovisac and used for glucose assays as described previously [25] . Briefly, samples from the RNAi and control groups were homogenized in 6 % PCA (perchloric acid) on ice. The crude extract was centrifuged at 10 000 g and 4
• C for 10 min. The PCA supernatant was titrated to neutrality with 0.5 M K 2 CO 3 and centrifuged as above for 5 min. Extracts were used for glucose determinations using a DetectX ® Glucose Fluorescent Detection Kit (ArborAssays).
RESULTS
Identification and characterization of ArTAP
Using a subtractive hybridization cDNA library [17] , we isolated a gene named ArTAP (Artemia trehalase-associated protein) from A. parthenogenetica producing diapause cysts. The full-length cDNA contained 800 nt with an ORF of 636 nt, a 5 -UTR of 63 bp and a 3 -UTR of 101 bp. The deduced ArTAP peptide contained 211 amino acid residues, with a molecular mass of approximately 25.7 kDa (GenBank ® accession number GH635451) (Figure 1) . A predicted nuclear localization signal was identified at its N-terminus (https://rostlab.org/owiki/index.php/PredictNLS; Figure 1 ). When submitted to the DDBJ/EMBL/GenBank database, ArTAP was predicted to be a DNA-binding protein, and a 3D structure model of the binding between ArTAP and the DNA helix was constructed (http://lcg.rit.albany.edu/dp-bind).
The body of the adult female Artemia is divided into two parts: cephalothorax and abdomen. The abdomen contains the anterior genital segment, which comprises the female reproductive system (lateral ovaries, oviduct and ovisac, also known as the uterus) and seven other segments [13] . Oocytes pass through the ovaries to the oviducts and finally into the ovisac, where they continue to develop into cysts or nauplius larvae during the following 4 days. Quantitative real-time PCR and Western blotting were used to characterize the expression pattern of ArTAP. Results showed that ArTAP was abundant in the abdomens of Artemia producing encysted embryos at stage 4, 2 days after the oocytes entered the ovisac (Figures 2A and 2B) .
To study further the localization of ArTAP, in situ hybridization with an RNA probe was carried out. In abdomens of Artemia in stage 4 (2 days after oocytes enter the ovisac) we found that ArTAP was widely distributed throughout the embryos, whereas no signal was detected in any other part of the abdomen ( Figure 2C ).
Identification of ArTAP as a trehalase-binding protein
Using whole-genome PCR, a strategy that allows the isolation of DNA sequences that bind to gene regulatory proteins, a 318 bp DNA fragment was obtained and sequenced. A BLAST search of the NCBI database revealed that this fragment possesses high identity (71 %) with an intronic segment of a tre gene of Artemia franciscana ( Figure 3B ). To confirm further that ArTAP binds to this DNA fragment, an EMSA was conducted. The results showed that the addition of increasing amounts of recombinant ArTAP reduced the amount of free DNA and increased the amount of protein-DNA complexes we detected ( Figure 3A ).
Molecular cloning and characterization of a trehalase gene in A. parthenogenetica
Since ArTAP can bind to an intronic segment of a trehalase gene, we performed molecular cloning of that gene. We found that this trehalase was encoded by a 2628-bp cDNA, and contained 704 amino acids with a predicted molecular mass of 80 kDa (Supplementary Figure S1 at http://www.biochemj.org/bj/456/bj4560185add.htm) (GenBank ® accession number KF437462). When aligned with other known trehalase sequences, it showed high identity to trehalase from A. fransciscana (>95 %). Phylogenetic analysis was performed to compare the amino acid sequence of trehalase in Artemia with those of other species ( Figure 4C) . The results showed that two trehalase proteins from Artemia were likely to be classified as membrane-bound enzymes (Tre-2) ( Figure 4C ). The expression pattern of trehalase was then analysed with quantitative real-time PCR and Western blotting. At the mRNA level we found the maximal amount in cysts with a basal expression at the vitellogenic and embryo developmental stages ( Figure 4A) . At the protein level, trehalase was abundant only in diapause cysts with only trace amounts detected in earlier developmental stages ( Figure 4B ).
ArTAP controls the expression of trehalase and is involved in the formation of diapause cysts
To clarify the function of ArTAP in diapause-destined embryos, in vivo knockdown of ArTAP was conducted. Approximately (C) Phylogenetic analysis of the trehalase amino acid sequence using the neighbour-joining method (1, soluble trehalase; 2, membrane-bound trehalase). Trehalase sequences and GenBank ® accession numbers were from Aedes aegypti (Aa-2, XM_001660243), Anopheles gambiae (Ag-2, XM_320471), Apis mellifera (Am-1, XM_393963, Am-2, NM_001112671), Bombyx mori (Bm-1, D86212, Bm-2, NM_001043445), Drosophila melanogaster (Dm-2, DQ864060), Drosophila simulans (Ds-2, DQ864075), Nasonia vitripennis (Nv-2, XM_001602129), Ostrinia furnacalis (Of-1, EF426724, Of-2, EF426723), Pimpla hypochondriaca (Ph-1, AJ459958), Spodoptera exigua (Se-1, EU427311, Se-2, EU106080), Spodoptera frugiperda (Sf-1, DQ447188, Sf-2, EU872435), Tribolium castaneum (Tc-1, XM_968826, Tc-2, XM_967517), Nilaparvata lugensand (Nl-1, EJ790319, Nl-2, GQ397451), Tenebrio molitor (Tm-1, D11338), Mus musculus (Mm, NM_021481) and Homo sapiens (Hs, NM_007180).
4 days after dsRNA injection, 50 Artemia at stage 4 in test and control groups were collected for RNA and protein extraction. Quantitative real-time PCR and Western blotting revealed that the mRNA and protein levels of ArTAP were dramatically decreased in the test group, since no signals were detected ( Figures 5A  and 5B ). In addition, we found that the level of trehalase was significantly increased in the group after knockdown of ArTAP compared with controls ( Figure 5B) .
Interestingly, the ArTAP-knockdown Artemia continued to release encysted embryos. Under light microscopy, cysts from the RNAi group have a greater amount of shading than those from the control group ( Figure 5C , panels a and a'). When using a SEM, we found that cysts produced by ArTAP knockdown exhibited a more coarse outer shell compared with the much smoother one produced by controls ( Figure 5C ). Three chitin-binding proteins (ArCBP-A, ArCBP-B and ArCBP-C) are necessary for the formation of the cyst shell of Artemia [26] . In the present study we found that after ArTAP knockdown ArCBP-A and ArCBP-C were depleted in the cysts released from the knockdown group ( Figure 5B ). In the case of ArCBP-B, for some unknown reason, no signals were detected in either test or control group after several repeats.
Internal examination of cysts released from the knockdown group using DAPI staining showed that nuclei were disorganized at the blastula stage (2 days after the oocytes entered the ovisac), the same point at which ArTAP is so abundant and functional in control cysts ( Figure 6A ). Furthermore, use of the TUNEL assay revealed that the cells in RNAi cysts at the blastula stage were apoptotic, in accordance with the result of DAPI staining ( Figure 6B) .
Despite the increased level of trehalase after ArTAP knockdown, the glucose concentration in the knockdown cysts was lower than that in controls ( Figure 6C ).
DISCUSSION
Artemia has two modes of reproduction: females can produce either encysted embryos that are released in diapause (oviparous route) or they can produce nauplius larvae, which develop in the ovisac and are released directly into the environment (ovoviviparous route). The detailed mechanisms that control these reproductive modes are not well understood. Identification of the differentially expressed genes in these two reproductive pathways could provide important information to help clarify the molecular mechanisms that control the formation of diapause cysts. In the present study, a trehalase-associated protein (ArTAP) was characterized and shown to be present only in diapausedestined embryos (Figure 2) . We examined the expression pattern of ArTAP in all developmental stages of Artemia undergoing direct development to nauplii, but no signal was detected. Thus we conclude that ArTAP is specifically expressed in embryos undergoing the diapause-destined route and that it plays a role in the formation of diapause enbryos.
In Artemia, oocytes are blocked at metaphase-I until they are released into the ovisac, where they develop into mature oocytes, either for fertilization in sexual reproduction or to enter the parthenogenetic pathway [27] . In A. parthenogenetica, we found that on the first day after oocytes enter the ovisac (stage 3) there was only trace nuclear staining with DAPI (results not shown). By the second day, nuclei were clearly identified at the periphery of the embryos ( Figure 6A ), indicating that they had reached at least the 128-cell blastula stage [28] . As reported previously, diapause embryos differ biochemically from those destined for direct development [29] . At early developmental stages, presumptive diapause embryos contain large amounts of trehalose, suggesting that it is synthesized by the embryo itself while in the ovisac [30] . We observed only traces of trehalase protein in embryos at stage 5, on the third day after the oocytes entered the ovisac ( Figure 4B ). Therefore the level of trehalase is tightly controlled during early development to allow the embryos to accumulate a large amount of trehalose. ArTAP was synthesized and abundant in stage 4 embryos, i.e. by the second day after the oocytes had entered the ovisac (Figures 2A and 2B) . Depletion of ArTAP dramatically increased the level of trehalase and induced apoptosis within the embryos (Figures 5B and 6B ). Considering that ArTAP binds to an intronic segment of a trehalase gene in A. parthenogenetica, we deduced that ArTAP regulates trehalase expression during early developmental stages of these embryos, being necessary for embryonic development and the formation the diapause cysts. The cyst shell contains chitin, proteins and some inorganics [24, 26, 31] . Trehalase has been shown to have a relationship to chitin synthesis in insects [10] . In the beet armyworm Spodoptera exigua, expression profiles of two trehalase genes and their enzyme activities have important roles in chitin synthesis. Knockdown of SeTre-1 (S. exigua trehalase 1) largely inhibited the expression of chitin synthase A and reduced the chitin content in the cuticle, whereas depletion of SeTre-2 inhibited chitin synthase B and decreased the chitin content in the midgut [10] . We found that trehalase levels were dramatically increased after ArTAP knockdown which, we suggest, might increase the synthesis of chitin and contribute to the construction of the cyst shell. This possibility is supported by our previous finding that three chitin-binding proteins (ArCBP-A, ArCBP-B and ArCBP-C) accumulated in the late embryonic stages of the diapause-destined pathway. Apoptosis induced by ArTAP RNAi and occurring in embryos at the second day after the oocytes enter the ovisac (stage 4) ( Figures 6A and 6B ) appeared to turn off the synthesis of these proteins, as we found that both ArCBP-A and ArCBP-C were not present after ArTAP knockdown ( Figure 5C ). As these chitin-binding proteins are involved in the construction of the fibrous lattice and are required for the formation of the complete shell [26] , their absence resulted in an abnormal coarse shell of cysts released by the ArTAP-knockdown group ( Figure 5C ).
Trehalases are widespread enzymes that hydrolyse the nonreducing disaccharide trehalose. It is interesting that there are conflicting results on Artemia trehalase. For example, Hand and Carpenter [32] isolated two active forms of trehalase from cysts of A. franciscana that differed in molecular size (approximately 110 and 235 kDa) and polymerization state [32] . On the other hand, Nambu et al. [33] purified a soluble trehalase from Artemia embryos which showed a single protein band with a molecular mass of 70 kDa. They also cloned and characterized two cDNAs encoding trehalase from post-diapause embryos of A. franciscana, consisting of 2496 and 2485 nucleotides respectively, with a calculated molecular mass for the protein of approximately 80 kDa [34] . In the present study, we cloned and characterized the cDNA encoding a trehalase (Supplementary Figure S1) and found that it has high identity with those two isoforms from A. fransciscana [34] . Phylogenetic analysis showed that this trehalase was more likely to be classified as a membrane-bound enzyme (Tre-2) ( Figure 3C ). After ArTAP knockdown, a trehalase of approximately 80 kDa was detected by Western blotting in the test group (Figure 5B ), which agrees with the predicted molecular mass of the trehalase we cloned. Studies are now in progress to further characterize this trehalase from A. parthenogenetica. Although multiple forms of trehalase could originate from a single gene, it is also possible that different trehalase isoforms result from multiple genes.
In the beetle S. exigua, the two trehalase proteins SeTre-1 and SeTre-2 were demonstrated to have different effects on the concentrations of glucose and trehalose. Similar to the trehalase we cloned in A. parthenogenetica, SeTre-2 is classified as a membrane-bound trehalase ( Figure 3C ). Immediately after SeTre-2 knockdown, trehalose was abundant and there was a shortage of glucose. After 24 h, in order to maintain normal activity, excess trehalose was hydrolysed to glucose, resulting in a severe shortage of trehalose and an increased level of glucose, which finally caused eclosion malformation [10] . A similar event might occur in Artemia. Note that, after ArTAP knockdown, the trehalase level is dramatically increased (Figure 5B ), leading to an excessive hydrolysis of trehalose and an increased level of glucose. This high-glucose concentration could then induce apoptosis, since this has been demonstrated to be an inducer of apoptosis via different signal pathways [35] [36] [37] . We then suppose that apoptosis triggers a series of events that exhausts the energy supply in the embryo finally resulting in its disorganization. Little research on apoptosis in Artemia has been conducted because of technical limitations [38, 39] . Nevertheless, further studies on the detailed mechanisms of apoptosis induced by knockdown of ArTAP are needed.
In conclusion, we identified and characterized a trehalaseassociated protein in A. parthenogenetica. This protein is specific to diapause-destined embryos and plays an important role in the regulation of trehalase by binding to its intronic segment. The results of the present study provide new insight into the regulation of trehalase in eukaryotic cells. 
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